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Metal-Free and Ca2-Bound Structures
of a Multidomain EF-Hand Protein, CBP40,
from the Lower Eukaryote Physarum polycephalum
stiffening and blood clotting by crosslinking proteins.
For the plasmodial transglutaminase, Ca2 binding pro-
tein 40 (CBP40) expressed specifically in plasmodia was
identified as a substrate [4]. The transglutaminase is
activated by ethanol damage of plasmodia and cross-
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2 Biotechnology Research Center links CBP40 to make large oligomers [4]. CBP40 was
purified as a plasmodial Ca2 binding protein [5, 6], andUniversity of Tokyo
1-1-1 Yayoi the cDNA was cloned and named LAV1-2 [7, 8]. In the
presence of Ca2 above micromolar levels, CBP40 pre-Bunkyo-ku, Tokyo 113-8657
Japan cipitates, forming large oligomers [9]. This aggregation
is reversible upon Ca2 chelation [9]. CBP40 localizes3 Department of Pharmacology
Gunma University School of Medicine beneath the plasma membrane [10]. If plasmodia are
damaged in the presence of anti-CBP40 antibody, dam-3-39-22 Showa-cho
Maebashi, Gunma 371-8511 aged areas are not repaired and the plasmodia die [10].
The above-mentioned experimental results stronglyJapan
suggest that CBP40 plays a main role in sealing the
damaged areas, like fibrin in vertebrates. The clump of
CBP40 might be a diffusion barrier for the extrudingSummary
cytoplasm and constitutes the unique clotting system
in Physarum plasmodia.Acellular slime mold, Physarum polycephalum, has a
Another proposed function of CBP40 is the Ca2-unique wound-healing system. When cytoplasm of
dependent inhibition of myosin light chain kinaseplasmodia is exposed to extracellular fluid, calcium
(MLCK) of plasmodia, where MLCK activity is high at abinding protein 40 (CBP40) seals damaged areas,
low Ca2 concentration and is inhibited by CBP40 at aforming large aggregates Ca2dependently. Part of the
high Ca2 concentration [5, 6]. The ATPase activity ofCBP40 is truncated at the N terminus by a proteinase in
plasmodial myosin is depressed upon the dephosphory-plasmodia (CBP40), which does not aggregate in the
lation [11]. Thus, CBP40 may mediate an inhibitory effectCa2-bound form. Here we report the crystal structures
on the plasmodial actomyosin system [12], in contrastof CBP40 in both the metal-free and the Ca2-bound
to the regulation of actomyosin systems of vertebratestates. Both structures consist of three domains:
cells, where Ca2 acts as a stimulator.coiled-coil, intervening, and EF-hand. The topology of
CBP40 consists of 355 amino acids containing fourthe EF-hand domain is similar to that of calpain. The
EF-hand motifs and an additional 218 residues in theN-terminal half of CBP40 interacts with the C-ter-
N-terminal region (Figure 1). Sequence identity of theminal EF-hands through a large hydrophobic interface,
EF-hand domain with Physarum calmodulin is lownecessary for high Ca2 affinity. Conformational change
(22%). Part of the CBP40 is truncated by a proteinaseupon Ca2 binding is small; however, the structure of
in plasmodial cells and thereby becomes an N-terminalCBP40 provides novel insights into the mechanism
1–32 residues-deleted polypeptide (CBP40), whichof Ca2-dependent oligomerization.
does not aggregate in the Ca2-bound form [9]. CBP40
has a much higher affinity to Ca2 (pCa1/2  6.5) than toIntroduction calmodulin (pCa1/2  5.2) [9]. The N-terminal half-region
is important for high Ca2 afinity, as demonstrated by a
The lower eukaryote Physarum polycephalum changes deletion mutant and a chimera protein of the N-terminal
motile activity during the life cycle, including at the mi- half fused with calmodulin, instead of the C-terminal
croscopic amoeba and the macroscopic creeping plas- half [9]. Many three-dimensional structures of EF-hand
modia phases [1]. The latter phase is characterized by proteins without other domains have been reported so
vigorous cytoplasmic streaming. As a result, their cyto- far. Only a few studies, however, have been reported
plasm protrudes from the leading edge and the seal on EF-hand proteins that are associated with additional
of the protruded cytoplasm allows plasmodia to creep domains. Here we report such an interaction in the crys-
forward [2]. The cytoplasmic streaming is so vigorous tal structure of the multidomain EF-hand protein,
that cytoplasm may erupt once a tiny wound is formed. CBP40, in both the metal-free and Ca2-bound forms.
Therefore, the sealing process is indispensable for the
survival of plasmodia. The requirement of Ca2 for seal Results and Discussion
formation has been known for many years [3], but the
mechanism was not clarified. Recently, a Ca2-depen- Overall and Domain Structures
dent transglutaminase was purified from plasmodia [4]. The structure of the metal-free form was determined
Transglutaminases are found from bacteria to mam- by multiple isomorphous replacement with anomalous
mals, where they play important roles in cell envelope
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Figure 1. Amino Acid Sequences of CBP40, as Compared with Those of the Physarum Calmodulin (CaM) and Porcine Calpain Domain VI
(Calp)
Residues identical among two or three of the proteins are indicated with gray and black backgrounds, respectively. In calmodulin, a linker of
eight residues is inserted at the position of the magenta asterisk. The black arrow indicates the processed position of CBP40. Helices of
CBP40 are represented as rectangles.
scattering (MIRAS) with mercury and samarium deriva- on a loop between helices 4 and 5 (Figure 2A). However,
it remains unknown whether these RGD and SGSG se-tives. Some crystal structures of Ca2-bound proteins
have so far been determined with heavy-atom deriva- quences of CBP40 actually function for interaction with
cell surface receptors or for glycosaminoglycan substi-tives that are made by substitution of the bound Ca2
for lanthanides. We prepared the crystals without adding tution, respectively.
The EF-hand domain consists of four EF-hand motifs:EDTA or Ca2 to make the derivatives. In CBP40, three
sarmarium ions were bound to the EF-hand loops of EF1–EF4. In the Ca2-bound form, a simulated-anneal-
ing Fo  Fc omit map confirmed that four Ca2 ions areEF1, EF2, and EF3. The structure of the Ca2-bound
form was obtained by molecular replacement with the bound at the four EF-hand loops. On the other hand, an
Fo  Fc omit map of the metal-free form showed thatstructure of the metal-free form.
The structure consists of three domains: N-terminal there is negligible Ca2 remaining at each EF-hand loop.
Estimation of the Ca2 content in metal-free crystalscoiled-coil domain (residues 33–112), a connecting inter-
vening domain (residues 113–218), and a C-terminal EF- by inductively coupled plasma-atomic (ICP) emission
spectrometry revealed that the remaining Ca2 is 0.094hand domain (residues 219–355). Overall secondary
structure is comprised solely of helices, which are num- mol per mole of CBP40, corresponding to an average
occupancy of 2.4% Ca2 in each binding site. Thus, webered from the N terminus to the C terminus, as shown
in Figure 1. conclude that the crystal is essentially the metal-free
form. In the Ca2-bound form, the four EF-hands bindThe N-terminal two long helices, helices 1 and 2, are
classed as a coiled coil by SOCKET, a program for identi- Ca2 ions with canonical pentagonal bipyramidal coordi-
nation, though water molecules were not added be-fying coiled-coil structures [13]. Helix 2 is the longest
and runs over the entire length of the protein; helix 1 cause of the low resolution (Figures 3 and 4). Though
the E1 helix is absent in CBP40, the local binding siteis much shorter than helix 2. Consequently, helix 2 is
stabilized by hydrophobic interactions not only with he- exhibits canonical coordination of Ca2 as EF2 to EF4.
The overall topology of the EF-hand domain is similarlix 1, but also with the intervening domain.
The intervening domain contains helices 3–8 (Figure to that of the penta-EF-hand (PEF) protein family, such
as domains IV and VI of calpain [16–19], grancalcin [20],1). The RGD motif, an important component of cell adhe-
sion interactions [14], is located on the exposed short and ALG-2 [21] (Figure 5A). The EF1 and EF2 (EF1/2)
and the EF3 and EF4 (EF3/4) pairs pack together, suchloop that connects the coiled-coil and intervening do-
mains (Figure 2A). In addition, the consensus sequence, that the EF-hand loops form short antiparallel  sheets.
In calmodulin, the eight-residue linker between EF2 andSGXG (X  S in CBP40) for glycosylation [15] is located
Structure of CBP40
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Figure 2. Stereo Presentation of the Overall
Fold of the Ca2-Bound Form of CBP40
(A and B) Side and top views. The bound Ca2
ions are represented as spheres. The coiled-
coil (C) and intervening (I) domains are shown
in blue and green, respectively. EF-hand mo-
tifs in the EF-hand (E) domain from EF1 to
EF4 are represented by a gradation from or-
ange to red. RGD and SGXG sequences are
shown as ball and stick models.
EF3 separates EF1/2 and EF3/4 and makes a dumbbell- quences [23]. However, the similarity in the length of
the linker and the resulting topology implies that a geneshaped crystal structure [22]. The corresponding linkers
of CBP40 and PEF proteins consist of only a single duplication event resulted in a similar fusion of EF-
hands. There is no sequence homology except for theresidue, so that the F2 helix continues directly into the
E3 helix. There are two main differences between the EF-hand domains between CBP40 and PEF families.
So far, three types of conformations of EF-hand motifsstructures of CBP40 and the PEF family. First, CBP40
does not have a fifth EF-hand (EF5), which packs to- have been reported, “open,” “closed,” and “semiopen”
structures, on the basis of the relative angles betweengether between two monomers and generates a dimer
in the PEF family. Second, the equivalent main chain to the E and F helices. The conformation in which two
helices of the EF-hand are perpendicular is called open,the E1 helix in CBP40 is a well-ordered extended loop
with low B factors as a result of contact with the interven- the conformation in which two helices of the EF-hand
are closer to antiparallel is called closed, and the inter-ing domain. CBP40 is considered to be on an inferred
evolutionary pathway different from that of calpain ac- mediate conformation between open and closed is
called semiopen. In general, two EF-hands in a paircording to the analysis of amino acid and DNA se-
Figure 3. The Final 2Fo  Fc Map Contoured
at 1.2  around the EF4 Loop of the Ca2-
Bound Form
The residues involved in the Ca2 coordina-
tion are labeled. Water molecules are not
modeled for lack of resolution.
Structure
78
Figure 4. Superposition of the Residues of
Four EF-Hands Involved in Ca2 Coordination
in Metal-Free, in Red, and Ca2-Bound, in
Green, Forms
display the same conformation. For example, in calpain are repressed by crystallographic packing. However,
this possibility may be small, considering the followingdomain VI, EF1 and EF2 are both in open conformations
and EF3 and EF4 are both in closed conformations. In results. Cocrystals with 10 mM Ca2 were obtained with
ammonium sulfate as metal-free crystals. Their shapecontrast, CBP40 does not show the same pairwise
conformations: EF1 is closed, EF2 is open, EF3 is semi- was hexagonal prismatic, which is the same as that of
metal-free crystals. But, they diffracted X-rays to 5.0open, and EF4 is closed (Figure 6). This is a unique
feature of CBP40 and may be due to the widespread A˚ with synchrotron X-ray sources. The same shaped
cocrystals with 10 mM Ca2 were also obtained withinteractions with the residues of the intervening domain.
sodium/potassium phosphate as a precipitant. When
the solution of protein containing Ca2 and the reservoirComparison between Metal-Free
solution were mixed, many crystals of calcium phos-and Ca2-Bound Structures
phate appeared, but, during incubation for about 2The structure of the metal-free form is almost identical
years, the crystals of calcium phosphate disappeared,to that of the Ca2-bound form, except for minor pertur-
and, after that, crystals of the protein appeared. Thesebation of the EF-hand loops (Figure 4). The rms deviation
cocrystals have unit cells similar to those of the metal-between overall backbone atoms between the two forms
free form; the former had unit cell dimensions of a is 0.55 A˚. CBP40 has already almost formed the Ca2-
b  66.8 A˚ and c  206.6 A˚, and the latter had unit cellbound structure, even when no Ca2 is bound.
dimensions of a  b  64.4 A˚ and c  207.2 A˚; theyIn order to determine the structure of the Ca2-bound
both belonged to the space group P3221 or P3121 [24].form, we used Ca2-soaked crystals because cocrystal-
The cocrystals unfortunately diffract to only 4.4 A˚ resolu-lization with Ca2 ions was unsuccessful. Intrinsic tyro-
tion with synchrotron X-ray sources. Differences in thesine fluorescence spectra reveal a change of the envi-
quality of the crystals between metal-free and cocrystalsronment around tyrosine residues upon Ca2 binding
with Ca2 suggest the differences of the conformation[10]. Figure 7 shows the crystal packing of CBP40, and
between metal-free and Ca2-bound forms. The confor-residues 255–259 in the E2 helix and 323–330 in the E4
mational changes, however, seem to be small, consider-helix are involved in the packing. So, there remains the
possibility that structural changes upon Ca2 binding ing that the cell parameters are almost the same.
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Figure 5. Comparison with Other EF-Hand
Proteins
(A) Ribbon representation of the EF-hand do-
main of CBP40 in the Ca2-bound form (left)
and domain VI of calpain (right) [16, 17]. EF-
hand motifs are shown in cyan (EF1), green
(EF2), yellow (EF3), red (EF4), and purple (EF5).
(B–D) Interdomain contacts of the EF-hand
domain within multidomain proteins. EF1/2,
cyan; EF3/4, green; other regions, white and
beige.
(B) Globular structure of CBP40.
(C) The Ca2-free form of m-calpain [18, 19].
The Ca2-bound form of m-calpain has not
been determined because of aggregation.
(D) The Ca2-bound structure of the folistatin-
like (FS) domain (beige) and the EC domain
of BM-40 [25]. The EC domain contains two
EF-hands (green) and another three  helices
(white and pink). The intramolecular interac-
tion between the two EF-hands and the helix
shown in pink resembles the intermolecular
interaction formed by calmodulin and its tar-
get peptide [29–31].
Since CBP40 has no linker loop between the EF- main proteins have been reported, such as BM-40 [25]
and m-calpain [18, 19] (Figures 5C and 5D). The interfacehand pairs, EF1/2 and EF3/4 interact closely to form a
stable and highly compact structure. This structure may of the EF-hand domain with the other domains of
CBP40 is large (1485 A˚2 ), and all three domains to-be the reason why a large conformational change like
that observed in calmodulin does not occur in CBP40. gether make one unified disk-like structure (Figure 5B).
The Ca2 binding profile of CBP40 has two notableCalpain domain VI also exhibits little conformational
change upon binding Ca2 [16]. features: high Ca2 affinity and no cooperativity upon
Ca2 binding [9]. Deletion of the N-terminal half lowers
Ca2 affinity and increases cooperativity [9]. The largeInteraction of the EF-Hand Domain with Coiled-Coil
and Intervening Domains hydrophobic interface of the EF-hand domain with the
N-terminal half contributes to the Ca2 binding profileTo our knowledge, only a few structures of EF-hand
domains that have a regulatory function within multido- of CBP40.
Structure
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Figure 7. Crystal Packing of CBP40
The coiled-coil, intervening, and EF-hand domains are shown in
blue, green, and red, respectively.
be activated and inhibit MLCK activity. Similarly, if the
plasmodium is wounded, cytoplasm is exposed to extra-Figure 6. Comparison of the Interhelical Angles between the E and
cellular fluid. Thus, the [Ca2] of the damaged area risesF Helices of EF-Hands
and the two low-affinity sites bind Ca2. Consequently,The metal-free and Ca2-bound forms of CBP40 are shown in
holo-CBP40 forms large aggregates and walls off theyellow and white, respectively. EF3 of Ca2-bound calmodulin in the
open form is colored in green, and that of Ca2-free calmodulin in damaged area. In fact, CBP40 does not self-assemble
the closed form is in red. The Ca2 ions are represented as spheres when only the high-affinity sites bind Ca2, but starts
in the respective backbone colors. assembling when low-affinity sites bind Ca2 [9].
Since the structural difference between the metal-free
and Ca2-bound forms is small, how is the function of
A chimera of calmodulin fused to the N-terminal half CBP40/CBP40 regulated by Ca2? CBP40 binds four
of CBP40 (residues 1–211) has over 100 times-higher Ca2 ions at four EF-hands, as confirmed by electron
Ca2 affinity than calmodulin alone [9], indicating that density maps and Ca2 binding experiments with dele-
the N-terminal half of CBP40 can interact not only with tion mutants [9]. Other possible Ca2 binding sites, like
its own EF-hand domain, but also with the calmodulin calpain [34], were not found. So, the Ca2-dependent
domain in the chimera protein, and can enhance Ca2 function of CBP40/CBP40 is regulated by EF-hands.
affinity. Native calmodulin acquires higher Ca2 affinity We propose two hypotheses for the Ca2-dependent
in the presence of its target peptide [26–28], and at least regulation mechanism of CBP40/CBP40.
180 unique calmodulin binding motifs that consist of The first hypothesis is that the transmission of flexibil-
about 20 amino acids have been identified. All the struc- ity becomes a switch. Figure 8A shows that the crystallo-
tures of calmodulin-target complexes reported to date graphic B factors of the EF-hand loops are sharply re-
were determined with peptide fragments of these se- duced by Ca2 binding, suggesting that the EF-hand
quences [29–31]. No calmodulin binding consensus se- loops have lost flexibility upon Ca2 chelation. This prop-
quence is found in the N-terminal half of CBP40 with erty has been well known among Ca2 binding proteins,
the database developed by Yap et al. [32], suggesting for example, from NMR and molecular dynamics studies
that the N-terminal half of CBP40 contains a new cal- on calbindin D9k [35, 36] and troponin C [37]. Since the
modulin binding sequence or that the structure of the structure of full-length calpain has been determined only
coiled-coil and intervening domains is the first example in apo form [18, 19], we compared the B factors of apo
that recognizes calmodulin on the basis of a unique and Ca2-bound structures of Ca2 binding domain of
three-dimensional structure. calpain, which were both determined at 2.3 A˚ resolution
[16]. B factors of most residues are drastically reduced
by Ca2 chelation, while changes in the atomic coordi-Ca2-Dependent Trigger of the
Physiological Function nates are small. In CBP40, it is remarkable that B fac-
tors of several regions other than EF-hand domain wereThe concentration of free Ca2 ([Ca2]) in the Physarum
protoplasm is about 107 M [33], and the [Ca2] of the also reduced upon Ca2 binding. Figure 8B shows the
residues of the coiled-coil and intervening domains,extracellular fluid should be much higher. Flow dialysis
experiments revealed that CBP40 has two high-affinity whose B factors of C are largely reduced upon Ca2
binding. Because of low resolution, not only individualCa2binding sites and two low-affinity Ca2binding sites
[9]. The two high-affinity sites are considered always to B refinement, but also group B refinement, was carried
out for confirmation, giving similar results (Figure 8B).bind Ca2, even in the quiescent cell, and, once the cell
is stimulated, cytosolic [Ca2] rises and the remaining Since, generally, group B value does not fluctuate
smoothly, we used individual B factors for the followingtwo low-affinity sites bind Ca2. Then, CBP40 would
Structure of CBP40
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Figure 8. Changes of B Factors upon Ca2
Binding
(A) Plot of B factors of -carbons of the metal-
free (red) and the Ca2-bound (green) forms
versus residue numbers. The regions labeled
in bold numbers from 1 to 4 correspond to
the EF-hand loops of EF1–EF4.
(B) The residues of the coiled-coil and in-
tervening domains whose B factors of C are
remarkably reduced or increased upon Ca2
binding are shown in magenta and green, re-
spectively. The EF-hand domain is shown in
cyan. The changes of individual B factors
(more than 8 A˚2 ) are shown to the left, and
those of group B factors (more than 10 A˚2 )
are shown to the right.
(C) The surface of the N-terminal half inter-
acting with the EF-hand domain. The EF-hand
domain is not shown. The area that interacts
with the EF-hand domain is encircled by a
sky blue line. The ribbon structure (left) and
space-filling model (center) are shown in the
same orientation. A view from the direction
opposite to the left and center models is
shown to the right.
(D) Crystal structure of the dimer of des (1–52)
grancalcin. The residues whose B factors of
C are largely reduced or increased upon
Ca2 binding (more than 5 A˚2 ) are shown in
magenta and green, respectively [38]. Ca2
binds to EF1 and EF3 of molecule 1 and EF3
of molecule 2 in the dimer. Ca2 and Ca2-
bound EF-hands are shown in cyan.
(E) Crystal structure of copper enzyme phe-
nylethylamine oxidase. The residues whose
B factors of C are remarkably reduced or
increased upon Cu2 and topaquinone cofac-
tor binding (more than 10 A˚2 ) are shown in
magenta and green, respectively [42]. Cu2,
cofactor, and their binding site are shown in
cyan. Cofactor is shown in a stick model.
comparison. The N-terminal coiled coil does not directly from the EF-hands to the N terminus because the N-ter-
minal 1–32 residues are essential for self-assembly. Fig-contact the EF-hands, but it is necessary for Ca2-
dependent self-assembly to signal the binding of Ca2 ure 8C shows that the residues whose B factors are
Structure
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changed by Ca2 binding are distributed not only in the structure prediction, helix 1 is expected to start from
Ala22, when the N-terminal 32 residues are addedintervening domain, but also in the coiled-coil domain.
The reduction of flexibility upon Ca2 binding is widely (CBP40 full-length form). If this prediction is right, helix
1 is extended by an additional N-terminal 16 residuestransmitted from the EF-hands to the distant coiled coil,
even without direct contact between them. The interven- and then becomes almost the same length as helix 2.
Helical wheel analysis reveals that the extended regioning domain plays the role of an intermediary for the Ca2
signaling from the EF-hand domain to the coiled-coil of helix 1 will make a hydrophobic cluster on the inter-
face to helix 2. The interacting surface between helicesdomain, interacting with both domains. We searched other
examples showing that Ca2-induced B reduction propa- 1 and 2 in CBP40 therefore will become much larger
than that of CBP40, resulting in a longer intertwinedgates from Ca2 binding sites to other parts of the pro-
tein. Examples should satisfy the following require- coiled coil. A small structural change of the EF-hand
domain upon Ca2 binding is transmitted to the coiledments. (1) A protein has another part aside from the Ca2
(or metal ion) binding domain. (2) The conformational coil via the intervening domain. In solution, this small
change of the EF-hand domain might be not only trans-change upon Ca2 (or metal ion) binding is small. (3) The
protein has a Ca2- (or metal ion-) dependent function. mitted, but also enhanced, by the intervening domain.
It may induce the slight rearrangement of the relative(4) The crystal structures of both apo and Ca2- (or metal
ion-) bound forms should be determined at a similar position between coiled-coil helices, enabling the ex-
tended coiled coil to make intermolecular helical bun-resolution. (5) For the removal of the effects of crystal
packing, it is desirable that apo and Ca2- (or metal dles and aggregate. Figure 9 shows a model for the
mechanism of CBP40 self-assembly. Slight rearrangemention-) bound crystals have the same crystal packing. No
example was found to satisfy all these requirements. of the relative position between coiled-coil helices is
enough for making intermolecular four-helix bundles, asTherefore, we compared the B factors of metal binding
proteins whose apo and metal-bound structures have shown in Figure 9. There are some Glu and Lys residues
on the hypothetical intermolecular surface. Some of thesebeen determined at a similar resolution and found large
propagation of the changes of the B factors in several residues might be crosslinked by transglutaminase to
form rigid clumps.proteins. Figure 8D shows the changes of B factors of
des (1–52) grancalcin, which belongs to the PEF family.
The apo form, determined at 1.9 A˚ resolution, and the Biological Implications
Ca2-bound form (Ca2 binds to EF1 and EF3 of mole-
cule 1 and to EF3 of molecule 2 in the dimer), determined The lower eukaryote Physarum polycephalum has a
unique wound-healing system; calcium binding proteinat 1.7 A˚ resolution [38], were compared with each other.
Ca2 induces very small conformational change (overall 40 (CBP40) seals damaged areas, forming large aggre-
gates Ca2 dependently. The cytoplasmic streaming isrms deviation of 0.53 A˚), but B factors of many residues
so vigorous in plasmodial cells that cytoplasm may eruptare clearly changed. It has been shown that grancalcin
once a tiny wound is formed. Therefore, the sealingexists as a homodimer, regardless of Ca2 loading, and
process is indispensable for survival. In order to eluci-binds two Ca2 ions per monomer, with positive cooper-
date the mechanism of Ca2-dependent oligomerizationativity [39]. Interestingly, B factors of EF1 of molecule
of CBP40, we have determined the crystal structures2 are sharply reduced, while EF1 of molecule 2 in the
of the N terminus-truncated form of CBP40 (CBP40),crystal has not yet bound Ca2, which should be the
which does not aggregate in the Ca2-bound form, incooperative effect due to the Ca2 binding to the other
both the metal-free and the Ca2-bound states. ThoughCa2 binding sites. Grancalcin binds secretory vesicles
conformational change upon Ca2 binding is small, therein a positive Ca2-dependent manner [40, 41] and binds
appear to be implications for the mechanism of aggrega-L-plastin in a negative Ca2-dependent manner [39].
tion of CBP40. CBP40 contains a two-stranded (helixCrystal structures of des (1–52) grancalcin has revealed
1 and 2) coiled coil at the N terminus, and helix 1 is 17that Ca2-dependent conformational change is very
residues shorter than helix 2. In CBP40, however, helixsmall, and it is thought that the N-terminal Gly/Pro-rich
1 is considered to be extended by additional N-terminalregion is required for conformational change [38].
residues and then becomes almost the same length asFigure 8E is another example of copper enzyme phe-
helix 2. This structural feature suggests the mechanismnylethylamine oxidase that shows very drastic reduction
of oligomerization; extended coiled coils of CBP40 makeof B factors in almost all the residues upon Cu2 and
intermolecular helical bundles and aggregate. Smalltopaquinone cofactor binding [42]. The structures of
structural changes upon Ca2 binding would be propa-apo- and holoenzymes used for comparison have been
gated from the EF-hand domain to the coiled coil viaboth determined at 2.2 A˚ resolution, and the overall rms
the intervening domain without affecting the overall fold.difference between them is 0.4 A˚ [42]. These examples
A slight rearrangement of the relative positions betweenindicate that local ligand binding can change the B fac-
coiled-coil helices is enough for making intermoleculartors of the residues distant from the binding sites. The
helix bundles. This hypothesis is only speculation, andCa2-dependent flexibility change of the surface resi-
further experiments are required for understanding thedues of CBP40/CBP40 might, therefore, control the
structure-function relationship of CBP40/CBP40.interaction with targets or self-assembly, instead of a
large conformational change.
Experimental ProceduresThe second hypothesis concerns Ca2-dependent
self-assembly of the CBP40 full-length form. Helix 1 of Protein Preparation and Crystallization
CBP40 starts from Glu38 and is 17 residues shorter The metal-free form of recombinant CBP40 was purified and crys-
tallized in the presence of 10 mM EDTA as described previouslythan helix 2. According to Chou-Fasman’s secondary
Structure of CBP40
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Figure 9. The Model of the Ca2-Induced
Oligomer of CBP40 Making Intermolecular
Four-Helix Bundles, Shown in Stereo View
The coiled-coil, intervening, and EF-hand do-
mains are shown in sky blue, green, and red,
respectively. The additional N-terminal helix
(Ala22–Lys32) is shown in navy. Residues1–21
are not shown. Glu and Lys residues located
on the intermolecular surfaces are shown as
stick models in purple and yellow, respec-
tively.
[24]. The asymmetric unit contains one CBP40 molecule, resulting Japan). The cryo data obtained did not give good electron density
maps. Data frames were integrated with the program DENZO [43].in a solvent content of 63.2%. The crystals of the Ca2-bound form
were prepared by soaking the crystals that were made in the ab- Data sets were merged and further processed with CCP4 programs
[44]. The structure of the metal-free form was determined by MIRASsence of Ca2 in a 2 mM CaCl2 solution for 4 days.
with Hg and Sm derivatives. We prepared the crystals without adding
EDTA or Ca2 to make the derivatives. Heavy-atom parameters wereStructure Determination and Refinement
Diffraction data were collected at room temperature with Weissen- refined and phases were calculated with MLPHARE [44]. The map
was improved with solvent flattening and histogram matching withberg cameras for macromolecular crystallography with imaging
plates installed at beamlines BL6A and BL6B in the Photon Factory DM [44]. The model was built with O [45], and refinement was initi-
ated with X-PLOR [46]. Further conjugate gradient minimization and(High Energy Accelerator Research Organization, KEK, Tsukuba,
Table 1. Crystallographic Statistics
Diffraction Data
Data set Native 1 (Metal Free) Native 2 (Ca2 Bound) Sm (NO3)3 HgCl2
Space group P3221 P3221 P3221 P3221
Unit cell (A˚) a  b  64.4, c  207.2 a b  64.4, c  209.4 a  b  64.5, c  209.3 a  b  65.0, c  208.0
Resolution (A˚) 3.0 3.1 3.1 3.3
Reflections (total/unique) 38,752/9,795 34,014/13,647 44,752/10,183 58,759/10,278
Completeness (%) 91.7 97.1 97.8 98.5
Rmerge (%) 6.4 9.7 9.9 10.5
MIR Analysis
Riso (%)a 26.4 26.4
Phasing power (centric/acentric) 1.17/1.39 0.99/1.12
Refinement
Rcryst/Rfreeb 0.244/0.260 0.249/0.293
Resolution range (A˚) 10.0–3.0 10.0–3.1
Rms deviations
Bonds (A˚) 0.013 0.010
Angles (	) 1.92 1.38
Average B factors (A˚2)c
Main chain 41 (O), 44 (C), 40 (I), 39 (E) 33 (O), 39 (C), 35 (I), 29 (E)
Side chain 42 (O), 45 (C), 41 (I), 40 (E) 34 (O), 42 (C), 35 (I), 30 (E)
B factors of the four Ca2 ions (A˚2) 31 (EF1), 22 (EF2) 35 (EF3), 30 (EF4)
a Riso  
|Fderivative  Fnative |/
Fnative.
b Rcryst  
hkl|Fobs – Fcalc|/
 hkl|Fobs|. Rfree was calculated as for Rcryst, but on 5% of the data excluded from the refinement.
c O, mean overall; C, coiled coil; I, intervening; E, EF-hands.
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B factor refinement were performed with CNS [47]. All residues combinant calcium binding protein 40, a major calcium binding
protein of lower eukaryote Physarum polycephalum. Biochem-are in the allowed region of the Ramachandran plot. Refinement
statistics are summarized in Table 1. No electron density was ob- istry 39, 3827–3834.
10. Nakamura, A., Miki, N., Ogihara, S., Hanyuda, Y., and Kohama,served for loop residues 67–71 or 133–144 or for the C-terminal
residues 354–355. Twenty-four residues on the molecular surface K. (2001). Structure analysis of the Ca2-binding and self-assem-
bling properties of a novel high affinity Ca2-binding proteinwere modeled as polyalanine because of weak electron density.
These results and rather poor R factors and free R factors are proba- CBP40 from lower eukaryote Physarum polycephalum. Mol.
Biol. Cell Suppl. 12, 481A.bly caused by the high solvent content of the crystals. A 2Fo  Fc
electron density map is shown in Figure 3. 11. Kohama, K., Kohno, T., Okagaki, T., and Shimmen, T. (1991).
Role of actin in the myosin-linked Ca2-regulation of ATP-The structure of the Ca2-bound form was determined by molecu-
lar replacement (AmoRe [48]) with the structure of metal-free form dependent interaction between actin and myosin of a lower
eukaryote, Physarum polycephalum. J. Biochem. 110, 508–513.as a search model, instead of by the direct plug-in method, because
the cell parameters of Ca2-bound form were a little changed from 12. Nakamura, A., and Kohama, K. (1999). Calcium regulation of the
actin-myosin interaction of Physarum polycephalum. Int. Rev.those of Ca2-free form by soaking (Table 1). The final model of the
Cytol. 191, 53–98.Ca2-bound form comprises residues 33–66, 72–132, and 145–353
13. Walshaw, J., and Woolfson, D.N. (2001). Socket: a programand four Ca2 atoms. Twenty-one residues on the molecular surface
for identifying and analysing coiled-coil motifs within proteinwere modeled as polyalanine because of weak electron density.
structures. J. Mol. Biol. 307, 1427–1450.
14. Ruoslahti, E., and Pierschbacher, M.D. (1986). Arg-Gly-Asp: aInductively Coupled Plasma (ICP)-Atomic
versatile cell recognition signal. Cell 44, 517–518.Emission Spectrometry
15. Bourdon, M.A., Krusius, T., Campbell, S., Schwartz, N.B., andThe sample was prepared by dissolving the metal-free crystals into
Ruoslachti, E. (1987). Identification and synthesis of a recogni-Milli-Q water. The blank was treated the same as the sample. ICP
tion signal for attachment of glycosaminoglycans to proteins.emission spectra were recorded on an SPS 1200 VR plasma spec-
Proc. Natl. Acad. Sci. USA 84, 3194–3198.trometer (Seiko, Japan).
16. Blanchard, H., Grochulski, P., Li, Y., Arthur, J.S.C., Davies, P.L.,
Elce, J.S., and Cygler, M. (1997). Structure of a calpain Ca2-Acknowledgments
binding domain reveals a novel EF-hand and Ca2-induced con-
formational changes. Nat. Struct. Biol. 4, 532–538.This work was supported by the National Project on Protein Struc-
17. Lin, G.D., Chattopadhyay, D., Maki, M., Wang, K.K., Carson, M.,tural and Functional Analyses and by Grants-in-Aid for Scientific
Jin, L., Yuen, P.W., Takano, E., Hatanaka, M., DeLucas, L.J., etResearch, promoted by the Ministry of Education, Culture, Sports,
al. (1997). Crystal structure of calcium bound domain IV of cal-Science and Technology of Japan, and by the Structural Biology
pain at 1.9 A˚ resolution and its role in enzyme assembly, regula-
Sakabe Project. This work was in part performed at beamlines BL6A
tion, and inhibitor binding. Nat. Struct. Biol. 4, 539–547.
and 6B at the Photon Factory, High Energy Accelerator Research
18. Hosfield, C.M., Elce, J.S., Davies, P.L., and Jia, Z. (1999). Crystal
Organization, under the approval of the Photon Factory Program
structure of calpain reveals the structural basis for Ca(2)-
Advisory Committee (proposal number 98G-145), and at beamline
dependent protease activity and a novel mode of enzyme acti-
BL41XU at SPring-8, Japan Synchrotron Radiation Research Insti-
vation. EMBO J. 18, 6880–6889.
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